Results of experimental and modelling evaluation of scaling factors for difficult-to-measure radionuclides in the Ignalina Nuclear Power Plant (INPP) waste are of primary importance in solving the decommissioning problems. The peculiarities of experimental measurements with radiochemical preparation of investigated INPP samples, the analysis of performed alpha, beta, and gamma spectrometric measurements, the theoretical evaluation and estimation of scaling factors, and finally a simplified method of determining the nuclide inventory for very-low-activity waste are presented in this work.
Introduction
The radioactive waste management, especially its disposal, is one of the most topical problems in nuclear power engineering. The whole radioactive waste management process is determined by the first stepwaste characterization. The main requirements for the radioactive waste characterization are accuracy, reliability, expeditiousness, and cheapness. The determination of the concentration of all radiation safety-relevant radionuclides in the radioactive waste can be accurately and reliably performed by applying spectrometry methods in laboratory conditions. But the determination of concentrations of difficult-to-measure longlived gamma emitters in liquid and solid substances, when the analysed isotope is in the complex matrix, requires a complicated and expensive radiochemical extraction procedure. Therefore, such a method cannot be practically applied to the characterization of large amounts of radioactive waste. For this reason, great attention is paid to the development of semi-empirical methods of the radioactive waste nuclide composition determination [1] .
Considerable work is done worldwide in applying such methods to the characterization of radioactive waste formed in various types of reactors. The RBMK type reactors are an exception. Despite the fact that these reactors belong to the boiling light water reactor group, they differ from other reactor types by their construction and the used fuel composition (relatively low enrichment, use of burnable Er admixtures), the neutron flux characteristics determining the composition and amounts of formed radionuclides in the spent nuclear fuel (SNF), the activation of reactor construction elements, and also the operational waste composition. Therefore, the activity ratios of various radionuclides determined for the waste of other type reactors cannot be applied to those of the RBMK type reactors.
Two RBMK-1500 type reactors are installed at the Ignalina Nuclear Power Plant (INPP). Decommissioning and dismantling of the Ignalina NPP Unit 1 resulting in approximately 100 000 tons of radioactive waste, most of which being of low activity, require immediate development of practically applicable methods of the radioactive waste characterization. At present, verylow-activity Ignalina NPP operational waste (ionizing radiation dose rate at the 10 cm distance from the surface does not exceed 0.6 µSv/h) is accumulated at the special dumping site on the territory of the Ignalina NPP [2] . This dumping site does not have any engineering barriers, and the radioactive waste is dumped straight on the site surface. While managing the Ignalina NPP radioactive waste, the waste was classified according to the gamma radiation intensity at the 10 cm distance from the surface and according to the surface concentration of alpha and beta emitters. [3] . The determination of the amount of mentioned radionuclides in the radioactive waste is not a simple task because specific activities of some long-lived radionuclides are low; most of them do not have high energy gamma lines in their decay schemes, in addition, the ionizing radiation (e. g., alpha particles) is strongly absorbed in waste materials and package. Most of transuranic radionuclides belong to such difficult-tomeasure radionuclides, which are alpha emitters, fission products, such as 90 Sr, which emit only beta particles. Therefore, for the determination of the radionuclide concentration in waste, indirect methods, both semi-empirical and analytical, are developed and used [1] . The radionuclide composition in waste can be determined by applying the scaling factor method using the linear dependence between key radionuclides (e. g., 137 Cs, 60 Co) and difficult-to-measure ones. This method allows characterizing the waste radiologically by using nondestructive methods. However, the scaling factor method can be applied only when there is a clear correlation between key and difficult-to-measure radionuclides.
In this work a method of determining concentrations of long-term radiation safety-relevant radionuclides in the Ignalina NPP very-low-activity operational waste according to the activity of the easy-to-measure gamma emitter 60 Co is presented. The method is based not only on the experimental measurements of various radionuclides but in some cases on the computer modelling results of nuclear fuel composition and the reactor construction material activation in the reactor neutron flux.
Methods
The scaling factor method is widely used in characterizing the radioactive waste [1] . It is based on the empirical dependence between specific activities of nuclides in the investigated sample when the main pollution source is the same, e. g., the nuclear reactors:
where A i is the specific activity of the difficult-tomeasure radionuclide, A key is the specific activity of the easy-to-measure key radionuclide. 242 Cm, 243+244 Cm * Additionally registered radionuclides by measuring the coolant samples with the portable gamma spectrometer immediately after their sampling.
The most frequently used linear dependence between these quantities is
where k i is a constant, called the scaling factor. The most accurate approach to determine the scaling factors is a direct measurement of activities of all investigated radionuclides in samples. The scaling factors of radionuclides, the specific activity of which can be measured by α, β, and γ spectrometric methods, are determined by the measurement runs, statistically processing the results according to the correlation of the investigated radionuclide with the key nuclides. To ensure that results are reliable, the sample should meet the Grubb's test and the measured specific activities should cover the whole possible interval. In this case, the upper and lower boundaries of the scaling factor are directly obtained from the correlation function reliability interval. The nuclide activity measurement method will be provided below.
Radionuclides, the specific activities of which can be measured by the alpha, beta, and gamma spectrometric methods, are presented in Table 1 . Radionuclides from the list of radiation safety-relevant ones are shown in bold.
As mentioned before, huge amounts of very-lowactivity (surface dose > 0.6 µSv/h) operational waste of the Ignalina NPP are accumulated. This radioactive operational waste includes variety of materials: concrete, plaster, metal construction components, cotton and synthetic fabrics, plastic floor fragments, polythene, timber, etc. The representative samples of all these materials were taken at special waste storage places at the Ignalina NPP industrial site. Each sample was tested with the dosimeter and placed into the polythene closing bag, by writing down the sample code indicating the sampling place and time. Such marked bags with samples were put into a large polyethylene bag intended for the sample transportation to the laboratory. Forty nine samples were taken in total. Water samples from the reactor main circulation circuit were taken from special taps by pouring a needed amount of water (usually 500 ml) into the polythene container. After sampling the water was acidified with 12 mol/l hydrochloric acid solution to the pH value of 2. Ten samples were taken in all.
Both qualitative and quantitative gamma spectrometry was applied using two gamma-ray spectrometers, stationary and portable, with high purity germanium (HPGe) semiconductor detectors. The stationary spectrometer comprised two Ge detectors, with relative efficiencies of 38% and 30% and the respective energy resolution 2.05 keV and 1.80 keV at 1333 keV. This spectrometer ensures the measurement of absolute activity of all radionuclides in the 122-1461 keV energy range with the uncertainty not exceeding 6% [4] . The coincidence-summing corrections were applied when measuring activities of radionuclides whose decay schemes incorporated the cascade transitions ( 60 Co, 94 Nb, 134 Cs). The counting efficiency was also corrected for the sample aliquot density; the final result was decay-corrected to the sampling date. The activity of short-lived radionuclides originated in water of the main circulation circuit was measured with the portable spectrometer immediately after the coolant sampling. The activity of these radionuclides was determined with the uncertainty not larger than 30%. The relative efficiency of the portable detector was 20% while the energy resolution was 1.80 keV at 1333 keV. Using this spectrometer the in situ measurements were also carried out in the Ignalina NPP industrial site sectors where operational waste is accumulated and sorted.
Radiochemical separation methods are applied to the activity determination of beta and alpha emitters. In order to maintain the sample homogeneity and to reduce the labour expenditure, radiochemical procedures of separating the radionuclides were performed for the radionuclide complex determination from one sample. For this purpose, the method allowing extraction and qualitative determination of 55 Fe and 90 Sr was developed. 55 Fe and 90 Sr analysis was carried out by the extraction chromatography method [5, 6] . Before the procedure, the concentration of chemical elements in the sample was determined with the atomic absorption spectrophotometer. For the chemical yield determination, stable Fe 3+ and Sr 2+ carriers were introduced into the test portion. The amount of the test portion was determined according to the specific activities of 137 Cs and 60 Co by performing the gamma spectrometric analysis. The Pu isotopes from solid waste were extracted using the ion exchange chromatography method [7] [8] [9] [10] [11] , and from liquid waste by the extraction chromatography method.
55 Fe, 90 Sr, and 241 Pu were measured with the liquid scintillation beta spectrometer Quantulus-1220. For the measurement of 241 Pu, scintillation solutions were prepared from the material obtained after washing the electrolysis disc prepared for alpha spectrometry and the scintillator OptiPhase HiSafe 2. The measurement uncertainty was not higher than 10%. The radionuclide detection limits (with the measurement duration of 180 min.) for 55 Fe were 110 Bq/kg, for 90 Sr 73 Bq/kg, for 241 Pu 7.2 Bq/kg. Here the specific activity detection limit is indicated assuming that the element radiochemical extraction yield is 50%, and 0.6 g samples containing 55 Fe and 90 Sr and 5 g sample containing 241 Pu were taken for analysis. The activity of 238 Pu, 239+240 Pu, 241 Am, 243+244 Cm was determined with the alpha spectrometer, the detection limit at the measurement duration of 100000 s being 0.001 Bq. This corresponds to the specific activity of 0.4 Bq/kg at the 22% measurement uncertainty. The chemical yield of the analytical procedure changes from 70 to 90% for Pu, from 60 to 80% for Am. The minimal detection limit for Pu is 0.001 Bq/sample, for Am it is 0.0015 Bq/sample.
When the radionuclide specific activity in radioactive waste is lower than the detection limit of the available measurement device, the specific activity of this radionuclide can be evaluated only by computational modelling. Modelling can also be used in the cases when it is complicated and expensive to make measurements.
The indirect methods were used for radionuclides, whose activity measurement is difficult or even impossible. As the main source of the nuclide origin in waste is the nuclear reactor, so the nuclide formation in the nuclear fuel and construction materials was simulated. Modelling was performed by applying the program package SCALE 5 [12, 13]. The nuclide transfer from the nuclear fuel was evaluated by measuring activities in possible transfer media (main circulation circuit coolant, spent nuclear fuel storage basin water, etc.). When calculating the correlation dependence, it was taken into account whether the scaling factors between the radionuclide transfer in media differed significantly from the nuclide ratios in the nuclear fuel. If the difference was larger than two orders of magnitude, the additional key nuclides, whose calculated activities in nuclear fuel and the main circulation circuit coolant or in radioactive waste correlated better, were selected. Then the scaling factor was calculated by an equation
where k i is the scaling factor of the investigated radionuclide, k ij is the scaling factor of the investigated radionuclide in respect of the intermediate key radionuclide, k j is the scaling factor of the intermediate radionuclide. The scaling factors of nuclides which are practically very difficult-to-measure, e. g., 240 Pu, were estimated according to the modelling ratio to the intermediate radionuclide, the scaling factors of which were measured directly.
It is not possible to measure specific activities of 93m Nb and 93 Zr in the radioactive operational waste of the Ignalina NPP due to large expenditures. Specific activities of these radionuclides can be evaluated by computational modelling if the theoretical activity ratio of 93 Zr and 95 Zr or 93 Zr and 94 Nb, 93m Nb and 94 Nb activity ratio is known.
It is difficult to measure the activity of individual isotopes of 239 Pu, 240 Pu, 243 Cm, and 244 Cm because peaks of 239 Pu and 240 Pu as well as of 243 Cm and 244 Cm cannot be distinguished by the alpha spectrometry, and only the total activity of two plutonium isotopes or two curium isotopes is measured. In this case the modelled activity ratio of 239 Pu and 240 Pu as well as of 243 Cm and 244 Cm is used for the determination of the individual radionuclide activity taking into account their measured total activity. 
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Results
The common practice is that the activity control of solid radioactive waste to be stored at the operational waste site is performed by measuring the total γ-radiation intensity. Therefore, it is convenient to select 60 Co as a key nuclide because according to the measurements its contribution to the total gamma radiation intensity is the largest due to its high concentration in the radioactive waste. High energy gamma rays (1.16 MeV and 1.33 MeV) of 60 Co are weakly absorbed in the waste media and that is the reason why it dominates the total gamma radiation.
The specific activities of measured 63 Ni and 55 Fe versus 60 Co specific activities in very-low-activity radioactive waste from the INPP are presented in Fig. 1 . The calculated activities of nuclides in RBMK-1500 reactor fuel assemblies are also shown. These data clearly show the linear dependence function between specific activities when data are presented on a logarithmic scale. Linear function lg(A i ) = lg(k i ) + q · lg(A key ) can be used for fitting of data, where q is the line slope and other terms are described in Eqs. (1) and (2) . When a fit is good enough, as presented in Fig. 1(a, b) , q is close to unity and the fit function is identical to that in Eq. (2) . From confidence bands it is possible to obtain uncertainty of the scaling factor and from the upper prediction band one can find the upper limit of nuclide activity in the radioactive waste when the key nuclide activity is known.
For some nuclides there was no good correlation between their activities and those of the single key nu- 94 Nb taking into account the ratios of modelled and experimentally obtained radionuclides. The scaling factor of 110m Ag with 60 Co was also obtained by combining modelling ratio results and correlation with the intermediate key nuclide 137 Cs, as both of them belong to fission products. The lower and upper boundaries indicate the limits of the scaling factor application to each nuclide considered. One can notice that these limits are broad enough in order to guarantee its applicability to a variety of verylow-activity samples.
Conclusions
• The method of scaling factors was implemented. It properly characterizes the composition of the radioactive waste accumulated during the RBMK-1500 reactor operation.
• 60 Co was chosen as the key nuclide for very-lowactivity waste characterization due to simplicity of its experimental analysis.
• The scaling factors between activities of the key nuclide 60 Co and other nuclides -54 Mn, 55 Fe, 65 Zn, 94 Nb, 137 Cs -were determined from the direct experimental measurements. The correlation coefficient between specific activities of these nuclides and 60 Co was larger than 0.9.
• 137 Cs was selected as a suitable intermediate key nuclide for the determination of the scaling factors of 90 Sr and 134 Cs nuclide activities.
• The scaling factors of actinide activities were estimated by applying the correlation with the sum activity of 239 Pu + 240 Pu as intermediate key nuclides.
